ABSTRACT: Hypoxic ischemic (HI) injury in neonates may have devastating, long-term consequences. Recently completed clinical trials in HI neonates indicate that hypothermia within 6 h of birth results in modest improvement in the combined outcome of death or severe disability. The aim of this study was to investigate the effects of combining hypothermia and N-acetylcysteine (NAC) on brain injury, neonatal reflexes and myelination after neonatal HI. Sevenday-old rats were subjected to right common carotid artery ligation and hypoxia (8% oxygen) for 2 h. Systemic hypothermia (30 ϩ 0.5°C) was induced immediately after the period of HI and was maintained for 2 h. NAC (50 mg/kg) was administered by intraperitoneal injection daily until sacrifice. Brain infarct volumes were significantly reduced at 48 h post-HI in the hypothermia plus NAC group (21.5 Ϯ 3.84 mm3) compared with vehicle (240.85 Ϯ 4.08 mm 3 ). Neonatal reflexes were also significantly improved by combination therapy at days 1 and 7. There was a significant loss of right hemispheric brain volume in the untreated group at 2 and 4 wk after HI insult. Brain volumes were preserved in hypothermia plus NAC group and were not significantly different when compared with the sham group. Similarly, increased myelin expression was seen in brain sections from hypothermia plus NAC group, when stained for Luxol Fast Blue (LFB), Myelin Basic Protein (MBP) and Proteolipid protein (PLP). These results indicate that hypothermia plus NAC combination therapy improves infarct volume, myelin expression and functional outcomes after focal HI injury. 
H ypoxic ischemic (HI) injury in neonates occurs in term
neonates at a frequency of 1-4 per 1,000 live births (1) and may result in reduced potential for motor and cognitive development (2, 3) . Hypothermia improves survival and neurologic outcomes in neonatal animal models of severe HI injury (4 -7) , and in recently completed clinical trials of HI neonates when instituted within 6 h of birth (8 -11) . Animal data shows that initiation of hypothermia between 6 and 12 h after HI reduces cerebral injury (12, 13) , perhaps moderating secondary injury cascades during a time when cellular recovery is still possible. However, some inflammatory mediators are merely delayed by hypothermia treatment (14) , indicating that hypothermia may be most helpful in extending the therapeutic window after HI injury.
Therefore, the combination of hypothermia with other pharmacologic interventions may allow for significant improvements in outcome, which are not possible when the therapies are used separately. There have been limited reports of hypothermia treatment with other pharmacologic interventions. Systemic hypothermia and a pan-caspase inhibitor, bocaspartyl-(OMe)-fluoromethyl-ketone (BAF), produced a strong protective effect against neuronal cell damage in the ipsilateral hippocampal CA1 region of the developing rat brain, along with a reduction in caspase-3 activity (15) . The combination of MK-801 and hypothermia also protected animals against HI injury (16) . These studies suggest that inhibiting some excitotoxic or inflammatory processes with combination therapy may have an agonistic effect on overall outcomes.
N-acetylcysteine (NAC) has been shown to scavenge oxygen free radicals, restore intracellular glutathione levels, improve cellular redox potential and reduce apoptosis. NAC attenuates reperfusion injury and decreases inflammatory cytokines and inducible nitric oxide synthase in an adult rat stroke model (17, 18) . NAC is an FDA-approved drug with an extensive safety profile in human neonates in the IV (intravenous) form.
In this report, we investigated the effect of N-acetylcysteine (NAC) and systemic hypothermia in a neonatal rat model of carotid artery ligation. Our data indicate that the combination of NAC and hypothermia improves infarct volume, myelin expression, and functional outcomes after focal HI injury in PND 7 rats.
MATERIALS AND METHODS

Animals.
Postnatal seven-day-old (PND 7) Sprague Dawley rats were used for the study (Harlan, Indianapolis, IN). After HI procedures, animals were separated from dams, kept under constant conditions and given standard chow, water ad libitum and kept in a 12/12 h light/dark cycle in the animal facility. All procedures were in accordance with the Guide for the Care and Use of Laboratory Animals adopted by the National Institutes of Health (USA) and approved by the Institutional Animal Care Committee.
Reagents. Study design. The protocol is shown in Fig. 1 . PND 7 rats (n ϭ 48) were randomly divided into groups: Sham operated animals did not undergo HI (Sham; n ϭ 8); Vehicle treated animals (VEH; n ϭ 10) were subjected to HI with no treatment; Hypothermia (Hypo; n ϭ 10) underwent systemic hypothermia of 30 ϩ 0.5°C, for 2 h; NAC treated animals (NAC; n ϭ 10) were injected with 50 mg/kg NAC intraperitoneally (IP) once daily until sacrifice; and Hypothermia ϩ NAC (HYP ϩ NAC; n ϭ 10) were treated with the combination of systemic hypothermia of 30 ϩ 0.5°C, for 2 h and NAC 50 mg/kg IP once daily until sacrifice. A NAC dose of 50 m/kg was chosen from experiments in an adult rat stroke model which showed efficacy at 50-150 mg/kg/d and toxicity at 500 mg/kg/d (18) . We chose repeated administration of NAC, as previous experiments in PND 7 rats revealed little neuropreservation at 48 h with a single dose of NAC, either alone or in combination with hypothermia (unpublished data).
Hypoxia-ischemia. We used the modified Levine rat model of hypoxic ischemic injury (19, 20) with unilateral ligation of right common carotid artery and exposure to a 8% oxygen atmosphere. Under isoflurane anesthesia, the right common carotid artery was identified through a longitudinal neck incision, isolated from the nerve and vein, and permanently occluded with silk suture (6-0). Animals were allowed to recover for 15 min under a heating lamp and returned to their dams. After 2 h of resting period, pups were placed into a Perspex chamber (immersed in a water bath) and exposed to warm humidified 8%/92% oxygen/nitrogen atmosphere (pre-mixed certified medical grade gas mixture; LifeGas, Norcross, GA) for 2 h, with the chamber temperature maintained at constant temperature of 37 ϩ 0.5°C. A needle thermocouple temperature probe (Harvard Apparatus, Holliston, MA), was placed in the chamber to monitor the skin temperature of the pups/chamber thus provide constant thermal environment.
The pups were then administered NAC or hypothermia (30 ϩ 0.5°C for 2 h), either alone or in combination. For systemic hypothermia the pups were then transferred into a Perspex chamber (immersed in a water bath) and exposed to normal cool air (certified medical grade air; LifeGas, Norcross, GA), with the chamber maintained at constant temperature of 30 ϩ 0.5°C. A needle thermocouple temperature probe (Harvard Apparatus, Holliston, MA) connected to a heating pad was placed in the chamber to monitor the skin temperature of the pups' chamber thus providing constant thermal environment. Pups were then returned to their dams until weaning. Animals were weaned at 3 wk of age, given standard chow and water ad libitum, and kept in a 12/12 h light/dark cycle. All animals survived until sacrifice.
Independent effects of NAC on rectal temperature. To assess the effects of NAC and HYP ϩNAC on core body temperature, a separate set of experiments was performed. All five groups (n ϭ 2 sham, n ϭ 6 each HI group) were treated per protocol, and rectal temperatures were measured every hour for 3 h after treatment in pups kept separate from dams. For the hypothermia groups, temperature was measured for the 3 h following return to ambient temperatures.
Neonatal reflexes. Pups were assessed at 24 h and 1 wk after the HI insult, by negative geotaxis and cliff aversion tests for evidence of neurobehavioral impairment. For the geotaxis test, pups were placed head down on an inclined board (45°), with the hind limbs in the middle of the board. The time taken to turn around and climb up Ͼ 90°angle was recorded. For cliff aversion test, the rat snout and forepaws are placed over a cliff 60 cm high, and the time taken to withdraw and turn more than 45°from the edge of a flat surface was recorded. For both experiments, any animal failing to perform the test in the maximum allowed time of 20 s was assigned a time of 20 s. Three recordings per event were taken for each test.
Measurement of ischemic infarct at 48 hours. Infarct volume was evaluated as previously described (19) . After 48 h of reperfusion, the brains were quickly removed, placed in ice-cold saline for 5 min, and cut at 2-mm intervals from the frontal pole into 6 coronal sections. The slices were incubated in 2% 2-, 3-, 5-triphenyl-tetrazolium chloride (TTC, dissolved in saline) for 15 min at 37°C, fixed by immersion in 10% formalin, and images acquired in Photoshop 7.0 (Adobe Systems). The white areas of infarct were quantified using image-analysis software (Scion Corporation). The mean infarct volume per slice was obtained from the product of the average thickness of a slice (2 mm) and the area of infarct in that section. The volumes of each of the six sections were summed to give the total infarct area of the brain.
Measurement of right brain hemisphere volume. Animals were killed at 2 or 4 wk and the right brain hemispheric volumes were measured (n ϭ 3 each group). Brains were quickly removed, fixed by immersion in 10% formalin for 1 wk, cut into six coronal sections. Images of unstained sections of neonatal rat brain were acquired as detailed above. The mean volume of right hemisphere per slice was obtained from the product of the average thickness of a slice (2 mm) and the area of right hemisphere in that section. The volumes of each of the six sections were summed to give the total infarct area of the brain.
Immunohistochemistry. For histochemical analysis, the brain tissue sections were fixed in 10%, embedded in paraffin and sectioned at 5 m thickness. Sections were stained with luxol fast blue (LFB) and observed under light microscopy.
Staining for Myelin Basic protein (MBP) and Proteolipid protein (PLP) was carried out as described earlier (21) . Briefly, paraffin-embedded, rat brain tissue sections were de-paraffinized and hydrated with xylene followed by graded alcohol. Sections were incubated overnight at 4°C with a 1:200 dilution of either anti-MBP antibody, or anti-PLP antibody. After the tissues were washed in PBS, staining was detected with 1:200 dilution of Texas-red conjugated goat anti-mouse IgG for MBP or fluorescein isothiocyanate (FITC)-conjugated Fluorescein conjugated anti-mouse IgG secondary antibody for PLP. Sections were also incubated with Texas red-conjugated IgG and fluorescein isothiocyanate (FITC)-conjugated IgG without primary antibody as a negative control. The slides were mounted using an aqueous mounting media containing Hoechst dye (Vectashield; Vector Laboratories, Burlingame, CA).
Statistical analysis. All values are expressed as mean Ϯ SD of n determinations obtained as indicated. Differences in means between the five groups were analyzed for significance using ANOVA, with repeated measures analysis and Bonferroni corrections where appropriate. Due to problems with ascertainment of normal distribution in small sample sizes, data were also analyzed with non-parametric tests (Kruskal-Wallis test) which gave identical results for statistical significance.
RESULTS
Combination treatment decreases infarct area at 48 hours.
The areas of infarct, noted by the white region in Fig. 2A with volumes quantified in Fig. 2B , are improved by all treatments compared with vehicle treated animals (mean total infarct volume VEH 240.85 Ϯ 4.08 mm (Fig. 3A,B ) were not significantly different. Right hemispheric brain volumes in HYP ϩ NAC group were 76% greater than vehicle, while NAC and hypothermia alone were 41% and 9% greater than vehicle, respectively. The combination of systemic hypothermia and NAC significantly decrease brain atrophy and appear to act synergistically in preserving right hemispheric volumes at 2-4 wk. 
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Improved functional outcomes with combination therapy. We compared short-term neurobehavioral development between normal and HI PND 7 rats by cliff aversion and negative geotaxis on day 1 and 7 post-HI insult (group ANOVAs, p Ͻ 0.0004) (22, 23) . Both functional outcomes were significantly better in the HYP ϩ NAC group compared with vehicle, NAC or hypothermia treatment alone at day 7 (Fig. 4A,B) . Specifically, times in Geotaxis and Cliff aversion reflexes tests were reduced 62% and 52% respectively, at 7 d post-HI in the HYP ϩ NAC compared with the VEH groups.
Hypothermia plus NAC treatment improves myelination after HI insult in rat brains. Luxol-fast-blue (LFB) staining identifies phospholipids in the myelin (Fig. 5). Figs. 6 and 7 show Hoechst stained (blue fluorescence) corpus callosum and cingulum in 2 and 4 wk post-HI rats.
At 2 wk, LFB staining in the corpus callosum and cingulum shows a marked improvement in the expression of positive myelin sheaths in HYP ϩ NAC, compared with VEH, NAC, or Hypo alone (Fig. 5A) . Similar results were observed at 4 wk after HI insult (Fig. 5B) . These results were further confirmed by the PLP and MBP staining for the protein components of myelin sheaths, as seen at 2 wk after HI insult, Fig. 6A (PLP, green florescence) and Fig. 6B (MBP, red florescence), and 4 wk after HI insult (Fig. 7A,B) . There was no overall decrease in total cell numbers between groups by cell counts (ANOVA, p ϭ 1.0), but there were significant differences in myelination among the treatment groups.
NAC had no effect on rectal temperature. Comparing rectal temperatures at 1, 2 and 3 h after treatment in all five groups, we found no difference in mean temperatures between groups at any time point.
DISCUSSION
Hypothermia has been shown to non-specifically mitigate secondary HI injury cascades, but does not effectively inhibit these processes in all cases, indicating that a second therapy may be helpful in continuing hypothermia's beneficial effects and extending the neuroprotection. Ideally, this secondary treatment would be safe over an extended treatment period, covering the long period of secondary neuronal and possibly oligodendroglial loss after moderate and severe HI injury.
We have shown that the combination of NAC started with hypothermia after severe focal HI in PND 7 rats improves infarct and residual brain volumes at 48 h, 2 and 4 wk, and affords significantly more neuroprotection than either therapy alone. The infarct volume at 48 h was reduced to 55% of the untreated group with NAC treatment, and 44.6% with hypothermia treatment. These results are in accordance with earlier reports of hypothermia where the infarct area is reduced to about 50% compared with the vehicle (24, 25) . However, the combined treatment of systemic hypothermia and NAC significantly decreased total infarct volume to 8% of the untreated group, indicating that combination treatment significantly and synergistically attenuates the infarct size even in this severe HI injury model. Representative H and E stained cross-sections of whole brain for each group at 4 wk show gross anatomical details of areas stained for histochemistry in Figs. 5 and 7 (A,B) . The staining was performed as described on three different sections from two different rats. Magnification ϫ400. Previous studies have reported that neonatal HI injury retards the development of several neurological reflexes like ear twitch, grasping, gait, negative geotaxis and also results in delayed performance in righting, geotaxis and gait reflexes (22) . We measured short-term functional neurological outcomes by cliff aversion and negative geotaxis, which tests labyrinthine and cerebellar integration (26) . Both functional outcomes at day 7 were significantly better in the HYP ϩ NAC group compared with vehicle treated, NAC or hypothermia treatment alone.
Longer-term outcomes may be suggested by evaluating myelination in neonatal brain as an important index of normal maturation and development (27) . We concentrated on the corpus callosum and cingulum for preservation and recovery of white matter after HI injury since decrease in the size of the corpus callosum has been shown to adversely affect the motor co-ordination in the preterm neonates at a later age (28) .
We examined markers of myelination up to 4 wk after the HI insult and found a persistent, marked improvement in the expression of positive myelin sheaths in the combination group (HYP ϩ NAC), compared with the Vehicle, NAC or Hypothermia alone in the corpus callosum as well as cingulum areas of the cortex.
Although myelination has been clearly affected by HI injury and improved by combination treatment in our focal HI model, we did not see any differences in total numbers of cells in the two brain regions by Hoechst staining between vehicle and sham treated animals. In explanation of preservation of total cell numbers in these white matter regions, it may be that astroglial cells are increased in the vehicle treated HI animals, while other cell populations, such as oligodendrocytes are decreased, resulting in the total number of cells by Hoechst staining remaining unchanged. While we did not investigate the cell subpopulations responsible for this effect, earlier reports from our laboratory have shown that NAC prevents degeneration of oligodendrocyte progenitors and hypomyelination in developing rat brain in an endotoxin-induced periventricular leukomalacia (PVL) model (21) . It may be inferred that oligodendrocyte progenitor cells are better preserved with combination treatment, but further studies will be (Fig. 7A , green fluorescence) and MBP (Fig. 7B, red fluorescence) . In both A and B: decreased myelination in the corpus callosum and cingulum is evident 4 wk after HI insult in rat brain sections in the VEH group. HYP ϩ NAC preserves myelination compared with the VEH group in all sections. HYP ϩ NAC and Sham groups are not appreciably different in PLP and MBP staining. Hoechst staining (blue fluorescence) did not show differences in cell number between the groups. The staining was performed as described on three different sections from two different rats. Magnification ϫ400. (Fig. 6A, green fluorescence) and MBP (Fig. 6B, red fluorescence) . Decreased staining for both markers is evident 2 wk after HI insult in the corpus callosum and cingulum in the VEH group. In contrast, HYP ϩ NAC and Sham groups are not appreciably different in PLP or MBP staining, indicating preservation of myelin expression. Hoechst staining (blue fluorescence) did not show differences in cell number between the groups. The staining was performed as described on three different sections from two different rats. Magnification ϫ400.
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needed to characterize cell sub-populations at different time points after recovery.
We noted continued brain volume loss up to 4 wk after severe HI injury, as have other investigators even with hypothermia treatment (14,29 -31) . Rats treated with NAC and hypothermia for 2 to 4 wk post-HI (Fig. 3C,D) were protected against this continued secondary cell death with brain volumes that were not different from sham animals during this tenuous period. Our data, therefore, suggest that certain mechanisms of brain injury, including oxidative injury, may be important to inhibit over longer periods. NAC may be especially effective as an adjunctive HI therapy in neonates due to their immature anti-oxidant systems, which are easily overwhelmed with the oxidative stress of HI injury.
In summary, we have shown important synergistic effects of short term hypothermia and longer term NAC treatment on multiple neurological outcome parameters in our immature rat model of focal HI brain injury. NAC has low toxicity, crosses the blood brain barrier (32) , and is approved by the Food and Drug Administration for the treatment of acetaminophen toxicity and as a treatment for chronic bronchitis in adults and cystic fibrosis patients. Few therapies have shown similar long lasting neuropreservation with a safety profile which is favorable for prolonged administration.
